Neisseria meningitidis causes a severe, frequently fatal sepsis when it enters the human blood stream. Infection leads to extensive damage of the blood vessels resulting in vascular leak, the development of purpuric rashes and eventual tissue necrosis. Studying the pathogenesis of this infection was previously limited by the human specificity of the bacteria, which makes in vivo models difficult. In this protocol, we describe a humanized model for this infection in which human skin, containing dermal microvessels, is grafted onto immunocompromised mice. These vessels anastomose with the mouse circulation while maintaining their human characteristics. Once introduced into this model, N. meningitidis adhere exclusively to the human vessels, resulting in extensive vascular damage, inflammation and in some cases the development of purpuric rash. This protocol describes the grafting, infection and evaluation steps of this model in the context of N. meningitidis infection. The technique may be applied to numerous human specific pathogens that infect the blood stream.
Introduction
Meningococcal sepsis is a frequently fatal blood born infection caused by the bacterial pathogen Neisseria meningitidis. Meningococcal sepsis patients often present with a petechial or purpuric rash on their skin that has previously been associated with vascular destruction caused by circulating bacteria and bacterial products 1 . Skin biopsies from clinical patients show bacteria associated with microvessels, often filling the vessels 2 . Apart from the bacteria, extensive thrombosis, coagulation, congestion and vascular leak is seen in the purpuric regions [3] [4] [5] . This vascular damage can lead to extensive necrosis of the skin and surrounding tissues, resulting in debridement and even amputation in meningococcal survivors. Understanding how infection causes this vascular damage is important to optimize prevention and treatment strategies. The majority of research on meningococcal sepsis has been performed in vitro on human cell lines due to the human specificity of N. meningitidis. Many aspects of infection have been studied in vitro including bacterial adhesion, host cell response as well as cytokine response [6] [7] [8] [9] . Type IV pili (Tfp) have been implicated as the major adhesion organelle for N. meningitidis on both epithelial and endothelial cells 10 
.
It has also been shown that adhesion of N. meningitidis to host cells is shear stress dependent and is therefore thought to be related to blood flow rates in the microvasculature 11 . This suggests the dynamic stresses the bacteria face in vivo are crucial to pathogenesis. It is however very difficult to model the microenvironment of small vessels in vitro.
The adhesion receptor for Neisseria Tfp is still unknown and therefore knock-in strategies to achieve bacterial adhesion in an animal model cannot be envisaged at this time. CD46 was suggested to be the Tfp receptor and transgenic animals were produced to act as mouse models. However, infection in these animals does not lead to extensive infection or to rash development 12, 13 . Other animal models that have been described for the bacteremia aspect of Neisseria infection take into account the bacterial preference for human transferrin as an iron source 14, 15 . Either supplementing human transferrin or expressing it from a transgene results in an increased bacterial load in the blood stream over an extended time period, but this model shows no bacterial adhesion or rash development 16, 17 .
In this protocol, we describe a humanized mouse model in which human skin, including the dermal microvasculature, is transplanted onto immunocompromised mice 18, 19 . This results in functional human vessels, perfused with the mouse circulation. Combined with human transferrin supplementation, this model accounts for at least two of the human specific aspects of N. meningitidis, i.e. human endothelium and human transferrin, in an in vivo environment. N. meningitidis introduced intravenously into this model adhere specifically to the human endothelium, producing a pathology that is similar to what is reported in clinical patients, including vascular damage and purpuric rash development 
Skin Graft
1. Collect human skin as close to grafting time as possible. The majority of skin in this work comes from plastic surgery operations involving the abdominal area. Other sources such as breast, leg and even face have been used with success. 2. Prepare the human skin sample by cleaning skin surface with 70% EtOH and lying it flat on a well-cleaned surface, preferably under a flow hood. 3. Slice 200-400 µm slices from the top of the skin using a dermatome with preset thickness. 4. Check the skin slices for integrity and cut them into 2 cm x 2 cm squares, then place in PBS (without divalent cations) if grafting immediately or at 4 °C in DMEM with 10% serum for short-term storage (3-12 hr). 5. Anaesthetize 6-8 week old SCID.bg mice (approximately 20 g) with Ketamine (100 mg/kg) and Xylazine (10 mg/kg) injected i.p. 6. Once the mice are anaesthetized, check for pain response by performing a toe pinch, a standard method for establishing pain reflex. Apply gel to eyes to prevent corneal drying and shave the left side of the animal behind the shoulder, where the graft will be placed. Keep the mouse warm on a heat pad throughout the procedure. 7. After prepping mouse for surgery, clean the shaved area with 70% EtOH. 8. Apply local anesthetic topically to the graft site (Tronothane) and prepare the graft site by carefully removing the superficial layer of mouse skin with a pair of curved scissors. Be careful not to disrupt the underlying vasculature. 9. Remove skin in an area a bit smaller than the area of the human skin slice. 10. Remove skin slice from PBS (or DMEM) and place over graft bed, ensuring the epidermal side is facing up. Steps 2.8-2.10 should be performed as quickly as possible, ensuring the graft bed does not dry out. 11. Align one corner or edge and fix with tissue glue. Carefully fit the rest of the skin slice to the graft bed, placing small amounts of tissue glue around the edges. Always trim the human skin to size rather than make the graft bed larger. 12. Do not pull the skin too tight over the graft bed as the mouse skin is very flexible. 13. Make sure the graft is fixed with tissue glue in each corner. 14. Clean the area with an iodine solution. 15. Apply a Band-Aid with the cushion area over the graft. Make sure the Band-Aid is firm but not tight and that the animal's breathing is not affected. 16. Fix the Band-Aid with dressing tape. 17. Allow the animal to recover on a warm surface. 18. Once awake, return the animal to its cage. Animals are housed 2-3 per cage. 19 . Check mice regularly during recovery for signs of pain or distress. 10-14 days after grafting, remove the Band-Aid, being careful not to disrupt the graft. In our experience postoperative pain is minimal. Nevertheless animals should be monitored every day in particular in the few days following operation. Criteria for pain or distress are the following.
• Loss of weight over 10%
• Physical appearance, fur, hunchback position, eyes • Increased respiration or heart rates • Decreased or unusual movements.
• Rise in body temperature • In case signs of pain are detected paracetamole is administered orally (300 mg/kg, every 4 hr). Humane endpoints are strictly adhered to if the pain persists.
20. If the graft looks dry apply baby oil every 2-3 days to keep the skin supple. 21. The graft is ready for experimentation 21 days post graft. 
Infection

Representative Results
CFU counts
The N. meningitidis strain used in these representative results is N. meningitidis 8013 clone 12, a serogroup C clinical isolate, expressing a class I SB pilin, Opa . The strain had been engineered to express green fluorescent protein (GFP) from a chromosomal insertion 18 . Bacterial colony forming unit counts are established by counting the number of colonies on the agar plates and calculating either CFU/ml of blood or CFU/mg of tissue from the known volumes plated. Blood counts showed that 5 min after i.v. injection of 10 6 CFU bacteria there was an average of 1.5 x 10 5 CFU/ml circulating in the blood ( Figure 1A) . After 6 hr the counts averaged 4.8 x 10 4 CFU/ml. By 24 hr the average counts were 2.4 x 10 4 CFU/ml but in this group of 10 mice, 5 had no detectable circulating bacteria while the other 5 had relatively high counts ( Figure 1A) . CFU counts taken from the skin samples show the majority of mice having considerable counts in the human skin, averaging 2.1 x 10 4 CFU/mg of tissue at 6 hr and 4.4 x 10 2 CFU/mg of tissue at 24 hr ( Figure 1B) . The contralateral mouse skin samples showed no bacterial counts at 24 hr and only a very low number at 6 hr, demonstrating the strong preference for N. meningitidis to the human vessels in the grafted skin ( Figure 1B) . In general bacterial counts were very low to nondetectable in the other organs sampled although 2 animals did show counts which may be attributed to contamination from the blood, as they correlated with high circulating bacterial numbers ( Figure 1C) . The model can also be used to determine the role of virulence factors in vivo, for example the type IV pili. Bacterial strains with defined mutations in the pilD gene 21 , resulting in a strain lacking Tfp , as well as the pilC1 gene 8 , lacking the proposed Tfp 'adhesin' were introduced into the model. These mutations resulted in no bacterial adhesion in the human skin graft, confirming the crucial role Tfp is playing in adhesion in vivo ( Figure  1D ).
Immunohistochemistry/Histology
In these experiments we used N. meningitidis strains that express green fluorescence protein (GFP) to enable fluorescent detection without the need for secondary staining. Human vessels were stained using a marker for human endothelium, either CD31 (PECAM-1) or the lectin Ulex europaeus agglutinin (UEA) 18, 22 . The UEA was conjugated to rhodamine allowing one-step staining (Figures 2A-C) . Cell nuclei can be stained with DAPI to help identify tissue structures (Figures 2A-B) . Histology was performed using a standard hematoxylin/eosin staining. The epidermal/dermal border of the skin was clearly identifiable. Inflammation, thrombosis and vascular leak were concentrated to vessels close to this border 24 hr after infection ( Figure 2D) . Thrombosis was visible in several small dermal vessels, often accompanied by congestion and inflammation. Leakage of red blood cells out into the tissues could be seen, indicating an extensive level of vessel damage. The histopathology Figures 2B, 2D, 2E , and 2F are modified from Melican et al. 18 Click here to view larger image.
Discussion
Animal models are critically important to bacterial pathogenesis research. It is impossible to fully mimic the in vivo environment in cell culture and it is becoming apparent that host-pathogen interaction is influenced by many dynamic factors. The human specificity of some clinically important pathogens, such as N. meningitidis, HIV, HCV, Plasmodium falciparum, Listeria monocytogenes, and Salmonella typhi has limited the use of in vivo models for these infections. However, as we begin to understand which infectious steps are involved in the specificity, humanized models are being developed. The protocol described here is a demonstration of this with the introduction of human microvessels into mice, allowing for extensive in vivo infection with N. meningitidis, resulting in vascular damage and occasionally the development of purpuric rashes.
Using this model, we have been able to define that the adhesive properties of Tfp are involved in vascular colonization in vivo by using bacterial mutants and that the vascular damage is reduced in the absence of adhesion 18 . Previously, circulating bacterial products have been implicated in this damage but our results suggest a decisive role for local adhesion and vascular colonization. This opens up new possibilities for the development of novel treatment targets. If adhesion of pathogenic bacteria could be blocked pharmaceutically it could possibly prevent the development of dermal lesions and lead to better outcomes for meningococcal survivors in terms of tissue necrosis, debridement and amputations. The work has also demonstrated the complexity of the infection and the involvement of the immune response and coagulation cascade. We identified human cytokine signaling in the serum of infected mice despite the relatively small amount of human endothelium present 18 . This indicated a significant cytokine response, along with the infiltration of mouse immune cell populations into the area.
Animal models can of course never fully replicate human disease and all results garnered from them must be considered with this in mind. For instance, in this model the blood and circulating cells are of mouse origin and we cannot discount that they may behave differently to human cells. An advantage of this however, as demonstrated in our recent publication 18 , is the ability to differentiate signaling originating from the human endothelium from that of the circulating mouse cells. The immunocompromised background of the mice used in this model would also allow for the allogenic transfer of human immune cell populations, adding a further 'humanization' aspect. The immunocompromised background of the mice may however mask a role for NK, T or B cells, which are all lacking or defective in this model. The relatively short timeframe (24 hr) used in this model mainly concerns the innate response, but for longer-term infections and the development of immunity other options may need to be explored.
The skin is an important infection site for N. meningitidis but having a relatively small amount of human vessels also means that extrapolating the data to a systemic infection involving numerous organs is difficult. While this model allows for the study of dermal lesion development, important steps of meningococcal infection such as epithelial and blood-brain crossing are not included. Further development of these humanized models is needed to address these other aspects of infection. Nevertheless this model offers great potential for numerous human specific pathogens, particularly those targeting the blood vessels.
